In thyroid hormone-depleted rats, the rate of transcription of the growth hormone (GH) gene in the anterior pituitary gland is lower than the rate in euthyroid controls, and there is a corresponding reduction in the abundance of the GH mRNA. Concomitantly, the poly(A) tail of the GH mRNA increases in length.
counterpart and that the poly(A) tail may contribute to the differential stability of free GH ribonucleoproteins.
Many functions have been ascribed to the polyadenylate tract [poly(A) tail] that is found at the 3' end of nearly all eukaryotic mRNAs, but of late a consensus has been built around two major hypotheses which have both been bolstered by an accumulation of substantial supportive data. One body of opinion purports that the poly(A) tail is involved in mRNA stability (4) , whereas others support the hypothesis that the poly(A) tail is implicated in the control of mRNA translation (11, 14, 17) .
Recently, much interest has focused on developmental and physiological systems which display regulated transitions in the degree of polyadenylation of specific mRNAs (14, 17, 28) . These systems are attractive because they offer an opportunity to directly correlate a change in the status of the poly(A) tail with a defined effect on the posttranscriptional expression of the gene of interest. Studies on developmental systems have established a direct correlation between the degree of polyadenylation and the translational efficiency of specific, preexisting cytoplasmic mRNAs. For example, the translation of the mRNA encoding actin decreases two-to fivefold during meiotic maturation of mouse oocytes, and this decrease correlates with a decrease in the length of the poly(A) tail from 220 residues to less than 10 (24) . Conversely, the translational activation of dormant tissue-type plasminogen activator mRNAs during meiotic maturation of mouse oocytes is regulated by the increased degree of polyadenylation that accompanies this transition, which is in turn mediated via cis-acting sequences in the 3' untranslated region of the message (13, 26) .
Jones et al. (15) have shown that thyroid hormone depletion of the rat results in a decrease in the abundance of growth hormone (GH) mRNA in the anterior lobe of the pituitary gland and a dramatic increase in the poly(A) tail length of that transcript. Here we present a detailed characterization of the thyroid hormone-dependent regulation of GH gene expression, with emphasis on the mechanism and * Corresponding author.
function of the increase in GH mRNA poly(A) tail length. We show that, in contrast to the developmental systems thus far described, the modulation of the GH mRNA poly(A) tail takes place in the nucleus concomitant with or subsequent to pre-mRNA splicing. Experiments on pituitary explant cultures demonstrated that the stability of the GH mRNA significantly increases in hypothyroid animals. Further, our data suggest that stabilization may be effected when GH mRNAs with long poly(A) tails are associated with free ribonucleoproteins.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (200 to 300 g) were obtained from stocks bred on-site or from Animal Resources Center (Perth, Australia) and were maintained in conditions of controlled temperature and lighting (lights on from 0600 to 1800), with food and water freely available. In the first experimental paradigm, systemic thyroid hormone depletion was achieved by replacing drinking water with 0.05% (wt/ vol) 6-n-propyl-2-thiouracil (PTU; Sigma) in tap water for a period of 14 days. Control rats continued to drink tap water. In the second experimental paradigm, hypothyroidism was induced by daily intraperitoneal injection with PTU (1 mg of PTU per 100 g of body weight). PTU was dissolved in 0.1 M NaOH and diluted to the appropriate concentration with 0.9% (wt/vol) NaCl. Control rats were injected with vehicle. In the third experimental paradigm, rats were subject to surgical thyroidectomy at 6 weeks of age (Animal Resource Center). Two weeks after the surgery, some rats received thyroid hormone (T4; Sigma) replacement by daily intraperitoneal injection (0.8 ,ug/100 g of body weight) for 1 week prior to sacrifice. T4 was dissolved in 0.1 M NaOH and diluted in 0.9% (wt/vol) NaCl before administration. Control animals were sham operated. The experiment was terminated either 3 or 5 weeks after surgery. At the end of each experiment, animals were sacrificed and the anterior pituitary gland was dissected free from the neurointermediate lobe and processed as described below. (25) , with modifications. Anterior lobes were excised from control rats or from rats made hypothyroid by inclusion of PTU in their drinking water for 2 weeks (see above). By using a sharp sterile blade, each gland was diced into eight fragments of roughly equal size. The fragments were then washed twice in culture medium before being placed in medium at 37°C in a 5% (vollvol) CO2 atmosphere for up to 3 days. The serum-free medium (5) used in these studies consisted of Ham's F10 (GIBCO-BRL) supplemented with insulinlike growth factor 1 (1 ng/ml; Boehringer Mannheim), fibroblast growth factor (1 ng/ml; Sigma), parathyroid hormone (0.5 ng/ml; Sigma), thyrotropin-releasing hormone (1 ng/ml; Sigma), transferrin (5 ,ug/ml; Sigma), insulin (5 ,ug/ml; Sigma or GIBCO-BRL), and thyroid hormone (tri-iodothyronine, 3 x 10-11 M; Sigma). Inhibitory drugs were used to prevent transcription (actinomycin D, 5 ,ug/ml; Sigma) or translation elongation (cycloheximide, 50 ,ug/ml; puromycin, 100 ,ug/ml; both obtained from Sigma).
RNA isolation. Total cellular RNA was isolated from tissues by the guanidinium isothiocyanate procedure (18) . To isolate RNA for quantitative analyses, residual DNA was removed by selective LiCl precipitation of RNA (1). Cytoplasmic and nuclear RNAs were prepared as described elsewhere (7, 8) . This procedure separates cells into cytoplasmic, nuclear wash, and nuclear fractions, from which RNA is subsequently extracted. The washing step cleans the nuclei of residual cytoplasmic contamination and strips away the outer layer of the nuclear membrane (8) . Polyadenylated transcripts were purified from extracts of total cellular RNA by oligo(dT)-cellulose chromatography (Fast-Track; Invitrogen).
Northern (RNA) blotting. RNA was fractionated through formaldehyde-agarose gels, transferred to a solid matrix (Hybond-N; Amersham), and hybridized to 32P-labelled probes as described previously (19) . Oligonucleotide probes were as follows: GH, a 45-mer corresponding to the first 45 bases of exon 4 (2, 22) ; and prolactin (PRL), a 45-mer corresponding to bases 320 to 365 of the cDNA (9) . The probe directed against 18S rRNA was a 17-nucleotide oligomer corresponding to bases 377 to 393 (10 Nuclear run-on analysis has been described elsewhere (23 (Fig. la) .
The increase in GH mRNA size that occurs upon thyroid hormone depletion was shown to be a consequence of an increase in the extent of polyadenylation. After anterior pituitary gland RNA from euthyroid and hypothyroid rats was hybridized to oligo(dT) and digested with RNase H, the deadenylated GH RNAs from the two sources comigrated (Fig. lb) . The length of the GH mRNA in euthyroid animals is approximately 900 to 950 bases, compared with 1,050 bases in hypothyroid animals. Given that the core, deadenylated GH RNA is 815 bases long (2, 22) , the poly(A) tail length increases by 100 to 150 bases upon thyroid hormone depletion to a final length of 250 bases. The PRL mRNA is slightly smaller than the GH mRNA, being approximately 900 bases in length. Given that the core of the PRL RNA is 838 bases long (9) of approximately 50 to 100 residues. Any change in PRL mRNA poly(A) tail length as a consequence of thyroid hormone depletion would be readily detected on the gel system used, but none is seen (Fig. 1) .
Nuclear run-on analysis demonstrated that the rate of transcription of the GH gene in the anterior pituitary gland decreased upon thyroid hormone depletion (Fig. 2a) . This result correlated well with the concomitant reduction in steady-state levels of cytoplasmic GH mRNA in the postnuclear supernatants derived from the same experiments (Fig.  2b) . In situ hybridization analysis (Fig. 2c) revealed that the reduction in GH RNA levels was uniform across the whole anterior pituitary gland, indicating that all somatotrophs are equally affected by thyroid hormone depletion. 3a reveals that the mature nuclear GH RNA in hypothyroid rats is larger than its euthyroid counterpart. After nuclear RNA was hybridized to oligo(dT) and digested with RNase H, the deadenylated GH RNAs from the two sources comigrated (data not shown), indicating that the size difference is a consequence of differential polyadenylation and that the poly(A) tail length regulatory mechanism is effective in the cell nucleus. We then examined whether GH pre-mRNAs were also subject to differential polyadenylation. Antisense RNA probes corresponding to introns 4 (Fig. 3b) and 1 (Fig. 3c) detected putative GH mRNA precursors in total RNA isolated from anterior pituitary gland nuclei. Both probes detected a 2.2-kb transcript that presumably corresponds to full-length, unspliced GH nuclear RNA (2, 22) . Additionally, the intron 1 probe detected an RNA of approximately 1.3 kb. This RNA has a size consistent with it comprising all of the GH coding exons plus intron 1. As expected, the abundance of these precursors is reduced in hypothyroid rats, but physiological manipulation does not alter the size of the transcripts.
We then examined whether the putative GH pre-mRNAs are polyadenylated. Although the 2.2-kb precursor molecule detected by the intron 4 probe binds to an oligo(dT) column (A4; Fig. 4a ), this result may be due to the presence of long stretches of A residues within intron 2 of both the rat GH1 and GH2 genes (2, 22) and not a poly(A) tail. Similarly, we were not able to apply our usual criterion of reduced size following hybridization with oligo(dT) and RNase H digestion to determine whether the 2.2-kb precursors detected by the intron 4 probe (A4; Fig. 4a Fig.  4b, lane 1) , which because of size constraints cannot contain intron 2 sequences, was reduced in size by hybridization with oligo(dT) followed by RNase H digestion, indicating that it bears a poly(A) tail (Bi; Fig. 4b, lane 1 versus lane 5) . Thus, although somatotroph nuclei contain mature GH RNAs that are subject to differential polyadenylation, at least one of the unspliced polyadenylated precursors thereof is not.
GH mRNA stability in hypothyroid rats. We then examined whether the increase in the length of the poly(A) tail observed upon thyroid hormone depletion was accompanied by any change in the translational activity or the stability of the GH message. Sucrose gradient centrifugation analysis of anterior pituitary gland cytoplasmic extracts from control and hypothyroid rats did not reveal any difference in the polysome distribution of the GH mRNA (Fig. 5) . All detectable GH mRNAs were found to be associated with the heaviest translationally active polysomes irrespective of the length of their poly(A) tails.
To test the hypothesis that the increase in poly(A) tail length is associated with a change in the stability of the GH mRNA, we developed a short-term pituitary explant culture system. Anterior pituitary gland fragments were incubated in a defined, serum-free medium for up to 3 days. Using this system, we first demonstrated that synthesis of GH RNAs could be blocked by the administration of the general transcription inhibitor actinomycin D (Fig. 6a) . In the presence of actinomycin D, GH mRNAs decay to below the level of detection within 48 h (Fig. 6a) . Despite the culture medium lacking factors such as thyroid hormone and GH-releasing factor, which positively regulate GH gene transcription, the cultures that do not contain actinomycin D are remarkably robust, with GH RNAs still apparent beyond 60 h in culture, indicating de novo synthesis. Between 20 and 60 h in culture, the level of GH mRNA relative to intact 18S rRNA remains steady at around 20% of the amount at time zero (Fig. 6a) .
The relative stabilities of the GH mRNA from euthyroid and hypothyroid animals were then compared in anterior pituitary gland fragment cultures containing actinomycin D. Further, to assess the role of protein synthesis in mRNA stability, fragments were also cultured in the presence of actinomycin D and inhibitors of translation elongation. Two drugs were used (16): cycloheximide, which blocks translation elongation and locks the ribosomes on mRNA, and puromycin, an analog of aminoacyl tRNA which also blocks translation elongation but does so by causing premature dissociation of the nascent peptide chain and the ribosome, resulting in the accumulation of polysome-free messenger ribonucleoproteins. RNA stability was assayed in two ways. First, the level of GH mRNA was measured over time in order to determine approximate half-life measurements for the transcripts with either short and long poly(A) tails. Representative Northern blots are shown in Fig. 7 , and graphic representations of multiple experiments are shown in Fig. 8a . Second, to obtain quantitative information, multiple samples were taken at the start of an experiment and following 24 h in culture in the presence of inhibitory drugs, and the relative drop in the abundance of the GH and PRL mRNAs from euthyroid or hypothyroid sources was measured (Fig. 8b) .
The half-life of the GH mRNA, as measured in cultures containing actinomycin D Evidence that the mature GH RNA is subject to differential polyadenylation within the cell nucleus (a) but nuclear RNAs containing GH gene intron 4 (b) and 1 (c) sequences are not. Anterior pituitary glands from control rats (lanes C) or from rats made thyroid hormone deficient by PTU drinking (lanes P) were fractionated into cytoplasmic, wash, and nuclear (NUC) components. RNA isolated from these fractions was subject to Northern analysis. Northern filters were sequentially hybridized to oligonucleotide probes corresponding to the GH and PRL mRNAs or to high-specific-activity antisense RNA probes corresponding intron 4 or 1 of the GH gene. Note that in common with many RNA probes, the intron 4 probe nonspecifically associates with 18S rRNA. This nonspecific band is lost when rRNA is removed from the preparation following isolation of polyadenylated RNA by oligo(dT)-cellulose chromatography (Fig. 4a ).
( Fig. 8b) revealed this effect to be significant. The stability of the PRL mRNA also significantly increases in thyroid hormone-depleted animals (Fig. 8b) . Inclusion of cycloheximide abolished the differential stability of both the GH and the a. lanes 1 and 5) or PTU-treated (7 pg, lanes 2 and 6; 35 ,ug, lanes 3 and 7) rats or from control rat cerebellum (35 ,ug, lane 4) was subjected to Northern blotting before poly(A) tail removal (A+, lanes 1 to 4) or after poly(A) tail removal (A-, lanes 5 to 7) by hybridization to oligo(dT) and RNase H digestion. The Northern filter was probed simultaneously with an oligonucleotide corresponding to GH exon 4 and an antisense RNA corresponding to intron 1. Thus, both pre-mRNAs and the mature GH mRNA are detected. Note that although it is not possible to assign a direct precursor-product relationship to the bands detected before and after digestion, the undigested 1.3-kb pre-mRNA (B1) is reduced in size by RNase H treatment, indicating that it bears a poly(A) tail. Note the lack of any hybridization to the cerebellum RNA (track 4). PRL mRNAs (Fig. 8) . In the presence of puromycin, the GH mRNA from hypothyroid rats, which bears a long poly(A) tail, demonstrated a longer half-life (t1l2 of approximately 10 to 12 h) than did the GH transcript from euthyroid rats, which bears a short poly(A) tail (t1l2 of approximately 5 h).
This effect is significant (Fig. 8b) . The rate of decay of the PRL mRNA in puromycin-treated cultures does not significantly differ for pituitaries taken from either control or hypothyroid rats (Fig. 8b) .
Modulation of GH mRNA poly(A) tail length in culture.
Examination of the Northern blots presented in Fig. 6 and 7 revealed that the preexisting GH mRNA gradually shortened when pituitary fragments were cultured with the transcriptional inhibitor actinomycin D. Removal of the poly(A) tail by enzymatic degradation with RNase H following hybridization with oligo(dT) demonstrated that the size change was a consequence of a reduction in poly(A) tail length, as the core transcripts thus derived comigrated (Fig. 6b) . Interestingly, the reduction in the size of the GH mRNA poly(A) tail was accelerated in cultures of anterior pituitary glands Evidence that centrifugation of anterior pituitary gland cytoplasmic extracts from control and thyroid hormone-depleted rats through sucrose gradients failed to reveal any differences in the pattern of association of GH mRNA with polysomes. Cytoplasmic extracts of anterior pituitary glands from control rats (lanes 1 to 9) or from rats made thyroid hormone deficient by PTU drinking (lanes 10 to 18) were fractionated through 10 to 40% (wt/vol) sucrose gradients. Lanes 9 and 18 thus correspond to heavy polysomes isolated from the bottom of the gradient. RNA extracted from gradient fractions was subject to Northern analysis. The Northern filter was hybridized to an oligonucleotide probe corresponding to the GH mRNA. Kb. The decrease in size of the preexisting GH mRNA in transcriptionally blocked pituitary gland fragment culture is a consequence of a progressive loss of residues from the poly(A) tail. Total cellular RNAs extracted from fragment cultures of normal rat anterior pituitaries in the presence (lanes A) or absence (lanes -) of actinomycin D were fractionated on a formaldehyde-agarose gel (1.5%, wt/vol) with or without poly(A) tail removal by hybridization to oligo(dT) followed by digestion with RNase H. The amount of RNA loaded into each track is indicated. Untreated RNA extracted from control (lane C) and hypothyroid (lane P) rats is compared. The Northern filter was hybridized to an oligonucleotide probe corresponding to the GH mRNA.
derived from hypothyroid animals (Fig. 7a) . Following 47 h in culture, the GH mRNA from the two sources comigrated and continued to drop in size at the same rate. This effect was observed irrespective of whether the culture also contained the translational inhibitor cycloheximide (Fig. 7b) or puromycin (Fig. 7c) .
DISCUSSION
Whereas the enzyme systems responsible for the cleavage and polyadenylation reactions that generate the 3' end of a mammalian mRNA are now well documented (29) , few studies have sought to understand the regulation and function of differential polyadenylation. In this report, we show that systemic thyroid hormone depletion, which results in a decrease in the transcription of the GH gene in the rat anterior pituitary gland and a corresponding reduction in the steady-state level of GH mRNA, also engenders a dramatic increase in the length of the GH mRNA poly(A) tail. We present evidence that the increase in poly(A) tail length is a nuclear event and that it may be associated with an increase in the stability of the cytoplasmic GH mRNA.
By comparing the lengths of the GH pre-mRNAs and of mature GH RNAs within the nuclei of somatotrophs from euthyroid or hypothyroid rats, we have shown that thyroid hormone-dependent differential polyadenylation is a nuclear process. However, although nuclear GH RNAs that have achieved their mature structure are differentially polyadenylated, putative precursor molecules which hybridize to probes corresponding to the first and last introns of the GH gene do not display a thyroid hormone-dependent change in size. These data suggest that the extent of polyadenylation is regulated in the cell nucleus concomitant with or subsequent to splicing of the GH pre-mRNA. The relationship between splicing and polyadenylation has been unclear, with some authors producing evidence that splicing precedes polyadenylation (3) and others presenting data that supports the case that polyadenylation occurs before splicing (20) . b. c P C P C P C P C P CP C P CP Northern analyses illustrating the decay of the GH mRNA from control and hypothyroid rats under different culture conditions. Fragments of anterior pituitary glands excised from control rats (lanes C) or from rats made deficient in thyroid hormone by PTU ingestion (lanes P) were cultured in defined medium containing actinomycin D for various lengths of time. Cultures additionally included no translational inhibitor (a), cycloheximide (b), or puromycin (c). RNA isolated from the cultured pituitary fragments was subject to Northern analysis. Five times more RNA from the PTU-treated rats than from control rats was loaded to enable visualization (1 p,g, lanes C; 5 p,g, lanes P). Northern filters were hybridized to oligonucleotide probes corresponding to the GH mRNA or to 18S rRNA. rior pituitary gland nuclei and does not change in size in hypothyroid animals. That this pre-RNA is present at a high level suggests that its further processing is a rate-limiting step in GH mRNA maturation. It is thus possible that the rate of GH mRNA polyadenylation is subject to the excision of intron 1 and that the length of the GH mRNA poly(A) tail may be governed by a thyroid hormone status-dependent interaction of factors with sequences in this intron. Such a process might be mediated by nuclear poly(A) binding proteins (12, 27) which facilitate the rapid, efficient, and poly(A) signal-independent elongation by poly(A) polymerase of the short, 10-residue tails synthesized as a result of the slow first-phase poly(A) signal-dependent cleavage and polyadenylation reaction.
We then addressed the question of the possible function of differential GH mRNA polyadenylation. Using transcriptionally blocked anterior pituitary cultures to study mRNA stability, we have demonstrated that thyroid hormone depletion results in a significant increase in the half-life of both the GH and PRL RNAs. However, experiments using the translation inhibitors cycloheximide and puromycin indicate that the mechanisms governing the differential stability of these two RNAs under different physiological conditions may be distinct. Whereas the differential stability of the PRL mRNA is abolished in the presence of either translation inhibitor, the stability of the GH mRNA from hypothyroid rats is equal to that from euthyroid rats in the presence of cycloheximide but is significantly greater in the presence of puromycin.
Puromycin blocks translation by dissociating the nascent peptide chain and the ribosome, resulting in an accumulation of polysome-free messenger ribonucleoproteins. Cycloheximide, however, blocks translation elongation by locking together ribosome and template, resulting in the accumulation of heavy polysomes and, in a transcriptionally blocked culture, a depletion of any free ribonucleoproteins. Thus, the differential stability of the PRL mRNA appears to be dependent upon ongoing translation, whereas that of the GH transcript is evident when the message is excluded from ribosomes. A system governing differential GH mRNA stability while the transcript is present as a free ribonucleoprotein would engender a protection of the message in the presence of cycloheximide, irrespective of the physiological status of the animal from which the pituitary gland was isolated. However, in the presence of puromycin, the transcript would be destabilized differentially. We suggest that it may be the poly(A) tail length of the GH mRNA that governs the stability of ribonucleoproteins containing this transcript. In hypothyroid animals, the protection by an increase in poly(A) tail length of GH mRNAs that are present as nonpolysomal, free GH messenger ribonucleoproteins may partially compensate for the chronic down-regulation of GH gene transcription. Such a mechanism, which may maintain a residual level of GH transcripts, could be advantageous in circumstances in which a physiological demand for GH protein arises.
In transcriptionally blocked pituitary cultures, the length of the poly(A) tail of preexisting GH mRNAs gradually shortens. However, the rate of trimming of the GH mRNA poly(A) tail is faster for the GH mRNA of hypothyroid rats with its longer poly(A) tail than for the GH mRNA from euthyroid animals with its shorter poly(A) tail. Other studies on poly(A) tail shortening have also shown that tails of different lengths are degraded at different rates. Poly(A) tail shortening of c-myc mRNA (16) is a two-step process, with longer tails being subject to a more rapid degradation than shorter tails. Laird-Offringa et al. (16) have suggested that the initial rapid phase of poly(A) tail removal might be translation dependent. However, as the trimming of the GH poly(A) tail mRNA occurs in the presence of cycloheximide and puromycin, it cannot be related to translation.
Many developmental systems which display modulation of the poly(A) tail length of preexisting mRNAs located in the cytoplasm have been described (14) . These transitions correlate with, and in some cases have been shown to directly cause, changes in the level of translation of the mRNA (14, 26, 28) . Somatic cells have also been shown to modulate the poly(A) tail lengths of specific mRNAs as a consequence of physiological changes (6, 7, 15, 18) . However no evidence has been produced to suggest that the mechanisms and functions described for developmental systems are also associated with somatic cells. In this report, we have described the thyroid hormone regulation of GH gene expression in the anterior pituitary gland and have shown that the physiological regulation of poly(A) tail length is mediated by a mechanism active in the cell nucleus and that this process may result in a stabilization of the mature cytoplasmic mRNA. Somatic regulation of poly(A) tail length is therefore mechanistically, and perhaps functionally, distinct from the developmental processes thus far described.
